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ECONOMICS OF UNDERGROUND DISTRIBUTION CABLES
M. MOHAJERY
Alcoa Conductor Products Company
Massena, New York

Abstract
The economics of the primary underground distribution cables are considered. Single-phase circuits
are examined using different distribution system options. Within each option, the present worth
of the total cost of the cable installation is optimized. If more than one option can be utilized, the
appropriate costs are compared and the most economical option is selected.
1. INTRODUCTION
Recent national awareness of possible future energy shortages and the
large increases in the energy costs which have occurred in the past
several years, have focused considerable attention on economics of
energy supply. New sources of energy are being sought and conser
vation of the old sources is being urged. The problem is one of ensuring
an adequate supply of energy in the years to come at a reasonable cost.
Several current projects are directed towards optimizing present
electrical power supply systems to reduce their costs. The major em
phasis, however, has been placed upon the electrical generation costs
and to lesser degree on electrical transmission costs. Distribution costs
have not received much attention.

icularly distribution cables) have received little research and devel
opment attention)?). Fortunately, however, large cost savings can
be achieved by properly sizing existing distribution cables. No new
cable designs (requiring large R&D effort) are essential for such cost
saving. New cables designed specifically with eneigy conservation
as a criterion may provide even larger cost savings. Meanwhile, the
existing cables can be sized for economical operation of the system.
Since underground distribution of the electrical energy is likely to
account for a major part of the future distribution circuit construc
tion it is prudent to study the economic optimization of Primary UD
Cables.

The reason for this relative lack o f attention to distribution system
costs may be twofold: First, economics of the distribution systems are
extremely complex especially since they are often tied in with consid
erations of reliability, ease of field service, material availability, good
electrical and thermal performance, etc. Second, since the capital
requirements of a single distribution circuit is relatively modest (com
pared to generation and transmission costs), no large cost savings has
been thought to result from optimizing distribution. Not surprisingly,
therefore, the operating conditions and design standards particular
to a given utility company (rather than economics) have traditionally
governed the design of distribution circuits.

Some previous studies o f the economics of distribution systems do
ex ist^ ’**1"’’*^. These works, however, suffer either from lack of
modeling accuracy or that of scope. A majority of these models
were developed to apply to particular needs of a specific utility
company and cannot be generalized to cover other situations. Other
models used simple mathematical formulations and lacked accuracy.
Furthermore, most efforts have been geared towards overhead
distribution circuits. Only recently have underground distribution
systems received any attention^7). It is to correct the above short-comings that the present study of the economics of the primary UD
cables was carried out.
2. ECONOMIC CONDUCTOR SIZING

Electrical distribution systems do present a real opportunity to affect
large cost savings. Baugliton and Bottaro in a recent studyri) indicate
2.1

that in 1972 the total costs associated with the distribution systems for residential and small light and power customers - was 34.8 percent
of the total costs. These costs were higher than either the generation
or the transmission costs and accounted for the largest single contribu
tion to the final cost of the delivered power. It becomes apparent that
economic optimization of the distribution system (if successfully ap
plied) may have a large effect upon the final power costs. The potential
savings may be as large as those envisioned for the optimized generation
or transmission systems.

GENERAL CONSIDERATIONS

The following report is based upon results obtained to date by Alcoa
Laboratories in a program studying Economics of UD Circuits. The
basic premise, advanced here, is that for a given distribution circuit
(given load, load growth rate, voltage level, etc.), the primary UD
cable can and should be selected so that the present worth of the
total life time costs of the installation is a minimum. UD cables so
sized will not only be cost effective, but will also be optimal from
an energy expenditure standpoint.
Preliminary indications show
that for reasons of economy and cost reduction, UD cables should,
generally, be loaded to only a fraction of their thermal limit current-

One of the major contributors to the total distribution system costs
is tire Primary Distribution Cable. Distribution Systems (and part
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carrying capacities. An added advantage of this scheme is that the
lower than thermal limit loading provides for safe operation of the
cable as well as providing an extra factor of safety should loads grow
at a faster rate than anticipated.

growth rate, etc. complex space.
6.

The general procedure is one of incremental cost analysis. Relevant
costs o f the installation (both fixed and time dependent) are compared
and an optimum is sought using several different options which are
thought to occur in practice. Note that some additional costs may also
occur. These costs, however, do not depend on the cable size used
(e.g. engineering cost, right-of-way, switchgear, transformers, etc.).
Unless otherwise noted, these costs do not affect the incremental cost
difference using different cables and can be left out. The conductor
serving a particular distribution circuit is then selected (from the
available cable sizes) so as to have a minimum total present worth
of all the costs incurred within its useful life. A particular utility
company, utilizing one of the options considered here and stocking a
limited number of cables sizes, can establish guidelines and upper limits
for the application of each conductor size in its stock.
2.1.1

It should be noted that, in the models developed to date,
economical cable sizes are found within each option. But if
one of several options can be used by a given utility, one may
compare the total cost of installation for a finite time horizon
using the different options and choose the alternative with the
minimum total cost.
2,1,2

2.

3.

4.

Load Growth Rates

Within each o f the option models developed, important parameters can
vary resulting in different levels of mathematical complexity. Some of
these parameters are fairly well known; such as the dc resistance of the
cable, inductive resistance, etc. Data for others can rather easily be
obtained through utility surveys (power costs, installation costs, etc.).
Yet other parameters are dependent upon historical trends and may not
be as readily discernible. Load growth rate is one such parameter. It is
probably dependent upon the geographic location, type of area the cir
cuit serves (residential, light industrial, etc.), availability and cost effec
tiveness of the electrical energy, etc. Assumptions made as to the mag
nitude o f the load growth and its variations with time in a given circuit
greatly influence the economics o f the primary undetground distribu
tion cables. Therefore, an effort should be undertaken to gather suf
ficient data from the operating utilities so that realistic models of the
load growth rate can be developed and used in sizing UD cables.

Options Considered

It was mentioned above that the theoretical models developed in this
study consider several different options. These options are scena
rios which may be considered by a utility company in the cable sizing
process. The following is a list o f the options considered. This list is
probably not exhaustive and should be expanded to include all of the
different possibilities that may realistically arise.
The options
considered are:
1.

If a nearby overhead transmission or sub-transmission line is
available, reduce the load in the initially installed cable by
adding a short section o f line, dividing the circuit in two
halves.

No changes are to be made once the conductor is installed.
The cable is to be sized so that it carries the load for all of
its expected life.

Meanwhile, the theoretical models developed to date assume certain
load growth rate functions which were seen to represent realistic
possibilities. In general, the load in a distribution circuit may be
represented by:

Once operating a given UD system using an initial size con
ductor becomes uneconomical, serve the load with a new con
ductor and abandon the old line. The initial sizing of the cable
is based upon an infinite time horizon for the load.

I = I eGt

o

When the current in a given UD system reaches a value such
that serving the load using the initially selected cable becomes
uneconomical, parallel another line with the original con
ductor reducing the load to one-half of its value. Again an
infinite time horizon is considered. Initial conductor sizing de
cision will consist o f finding the conductor size that for a given
initial load and load growth rate (and the cost data applicable)
plus all its subsequent changes will have a least total present
worth.

where:
I = current at any time t
I0= the initial current
G = G(t) represents the load growth rate function
t = time (in years)
It is the function G(t) that we are concerned with.
possibilities have been considered.

Once uneconomical loads are reached using a given size cable,
parallel another conductor in a duct already in the ground. If
within life uneconomic conditions should again occur, then
either:

Six different

1.

Constant load growth rate, t.e., G(t) = g

2.

A linearly decreasing load growth rate function;
i.e., G(t) = gQ-g]/

a. Remove either one of the original or the parallel cable from
the ducts and replace it with a larger conductor.

A step function growth rate; i.e. G(t) = gQ if

b. Pull in another conductor (in the pipe) further reducing the
load in the existing cables. The number of changes invol
ved within the life span of the original conductor is a func
tion o f the load growth (initial value as well as variations
with time).5
5.

T1>ts 0 , G(t) = gx if TjNtyTp G (t) =
g2 if Ty t>T2, etc.
A Gaussian distribution function G(t) = g e

This option is similar to option 3 above, only at replacement
times the original cable can be parallel with any size cable
(rather than another cable of the same size). A multiple
search routine is used to find the economic optimum in the
initial load, replacement load, initial size, replacement size,

A combination of the above functions.
Since by definition G(t) = ^ In | (t^O), then if

o
historical load data are provided a growth function
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can be calculated and used in the economic cable
W " A 1 + Jo'1[A lFl(t) + Io2e2tG(l:)Bl] e'rt dt +
sizing models.

+ Io2e2tG(C)B2] e"“ dt: + A2e'rTl
terms involving

It is hoped that one of the first five growth rate models would closely
approximate the historical data applicable to a given utility company.
However, in the absence of such a match a model for the applicable
growth rate can be constructed if the appropriate data are provided.
2.1.3

etc.

where:
A j ,A2= installed cost of a cable of size 1, 2.
Fj(t) = annual costs as percent of initial investment. A time depen
dent form is assumed here to account for possible inflation
ary patterns. The form used is:
Fj (t) = a0 (1 + ajt)
with aj the constant annual inflation rate,
r = interest rate
I0 = initial load (amperes) of the UD system
G(t) = the function representing the load growth rate. Several
alternatives can be used as previously discussed.

Inflation Modeling

A second parameter that greatly influences economic cable sizing
considerations and for which no universally applicable model can be
found is the inflation parameter. Price escalations in the recent past,
for example, have been much sharper than the historical trends.
Furthermore, different inflationary rates often apply to the different
costs’ components. For example, the annual price escalation appli
cable to the purchased price o f the cable may not be the same as the
one applicable to the labor rates (which in turn affect the energy
costs). In fact, inflationary patterns are so unpredictable and com
plicated that they are often neglected (for mathematical simplicity).
It is prudent, however, to explore the possible effects of inflation on
the cable sizing decisions.

B1,B2 = ^

loss per I7 =

TW7J [c.F.xD.C. +

Hff x

L.F.xEC(t)]

C.
D.
L.F.
EC(t)
R

F. = Coincidence factor
C. = Demand charge
= Loss factor, coincidence factor x load factor
= Energy charge = EC0(l+ a jt) considers effect of inflation.
= resistance. A constant value has so far been assumed, hut
temperature
dependence,
variations
with
induced
currents (8,9), reductions due to use of super pure alloys, etc.
can be considered,
t = t ime in years.
m = a parameter; m = 0 ,1 ,2 ,3 ,-------L = expected life of the cable, say 35 years
T i= replacement time: when it becomes uneconomical to serve
the load with cable size 1 and cable size 2 must be used.

Three possibilities are considered in the theoretical models developed.
First, no inflation; costs are constant throughout the installation life.
Second, a linear inflation function; the costs are assumed to increase
at a constant annual rate.
i.e., Cost (t) = Cost (0 ) [l + a tJ

where a is a constant. Furthermore, the same inflationary rate is
assumed to apply to all the costs involved. Third, an applicable infla
tion rate is calculated if the appropriate cost data are supplied (by a
given utility) and the resulting function is used in the calculation.

Tile summation involved in the last term is convergent and is shown to

Note that the above models all suffer from the same basic short
coming: having to predict price behavior based on previous trends. It
is possible, however, to carry out several calculations at different
inflation rates to assess the influence of the inflationary patterns upon
a particular sizing decision. The cable sizing should be chosen so that
the economic penalty is a minimum if the inflation rate should turn
out to be different than the assumed value. In practice it is prudent
to allow the error to fall on the side of “too large an inflation rate as
sumed”. If such occurs the total costs for the system originally in
stalled may be high. However, an opportunity to compensate for this
error may exist in the subsequent cable additions to the system.
Furthermore, this error (usually resulting in larger than necessary
cable sizes) leads to low cable resistive losses which can be justified
from an energy conservation standpoint. Should the error fall in the
otliqr direction, not only economic penalty can result and additional
cable change-overs may become necessary, but substantial electrical
energy will be lost (due to the cable resistive losses).
2.2

e-mrL+..

be:

-mrL _ , .

m=0 e

a—

1

"1+T
T1
eT-

If the simplest mathematical case is assumed

[c(t) = g,

Fx(c) = a, EC(t) - EC0]

and the intergration carried out, one gets

aA,

zg-r1

+ § (A2-A1)e'lrTl +

2 e(2 g-r)T1

°----2g -r-

<

W

+ V ' rTl<1+ ^

) + A,e ' r T 2 +. ..

terms involving 12,13, etc.

REPLACEMENT LOAD

We will demonstrate the models developed by considering one of the
options involving the least mathematical complexity such as option 2.
In this option one replaces Conductor I with Conductor 2 and
abandons the old line. First, one ought to find when this is economi■ cally necessary. To find this “replacement time”, or the associated
“replacement load”, the total present worth o f all the costs is dif
ferentiated with respect to the replacement load and the derivation
is set equal to zero. The expression for the present value should in
clude all (but only those) costs that are dependent on the replace
ment level for timing. The present value o f costs associated witli a
cable serving a load I is:

Now by definition:
I(t) « IQegt 8° that R1 “ V

8fl °r

substituting this expression for T j, differentiating with respect to R|
and setting the derivative equal to zero, one will find:
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(A j - A j ) f r A 2 ( l+

U-1

Cable
Size

Total
In
stalled
Cost
$/mile

Resis
tance
ohms/
mile

Ampa
city
(amps)

Load
Break
Elbow
Rating
(ampsJ

Note that the conductor replacement beyond the first becomes irrel
evant in determining the first replacement load. The result is also
independent of the load growth rate or the initial load.

#2

24156

3.606

180

200

2.3

1/0

26088

2.255

235

200

4/0

29438

1.130

350

200

500

36975

0.458

545

600

7 50

39616

0.301

650

600

ECONOMIC SIZES

Once the replacement loads for all conductor sizes under consideration
are calculated with respect to all the other available cable sizes, the
conductor sizing decision can be carried out by choosing the initial
size cable such that it (together with all its subsequent changes) will
result in a minimum present worth. Present worth of the costs for
serving the load starting with cables 1 or 2 are compared and a break
even load is calculated. This is an initial load at which the present
values of the relevant costs are equal for these conductors. At initial
loads above this break-even load, the larger cable should be used and
at smaller initial loads the smaller size conductor is the proper choice.
Following a similar formulation as in above, the present worth of the
cost difference between conductors 1 and 2 is:

System length = 1 mile, a = 0.1433
r = .1065, CF = .58, Loss Factor = .232
DC = 474 $/KW, EC = .0081 $/KWH

T
dwi , 2 ■ (W

+ /0 1 [a < W

TABLE I

+ I 02 e 2 s t ( Br v ] e ' rt:dt +

DATA USED IN NUMERICAL EXAMPLES
(A,-A.) e~rTl

^ 1

^ e - mrL

m=0

Note that Tj is the replacement time already calculated above. Sub
stitute for T j and multiply through by r to get an equivalent expres
sion in terms of annual cost difference. Then if (r/2g):
dXl ,2 = (A 2-A i M a+r) + |j(A2-A1)(a+r+

) +

2 Rl2(Bl-B2 )ln £ ] ( £ )

O -J

1

a function of the initial circuit currents at different load growth rates.
The horizontal dashed lines are ampacities associated with different
cable sizes - - ICPEA publication, “Power Cable Ampacities, Vol. II
Aluminum”. 15 kV concentric neutral conductors with 175 mils of
cross-linked polyethylene insulation cable are considered. Average soil
resistivity of 90 RHO, ambient temperature of 20°C, and a 75% LF are
assumed. Tile cut-off points are found by finding the intersection of
these lines and the load growth curves.

for r = 2g
dX

1,2

(A2-Al)(a+ r ) + l
z 1

(A2“A1)(a+r+

l W V
2e-r
2g-r

r ,+:iVVV;
erL-l

2g-v

2lg

Note that these expressions cannot directly be set equal to zero and
solved for the break-even load. The solution can be obtained by either
trial and error or using numerical techniques. Also note, that the
results obtained above were based on the simplest case involving the
least mathematical complexity. If other alternatives are considered
(such as variable growth rate, or time dependent costs) no closed form
solution can be found for even this rather simple option. Solutions,
however, can be obtained using a large digital computer.
Similar mathematical models have been developed for other options.
Additional options can be considered if such options are seen to
represent realistically a practical conductor sizing alternative.
3. RESULTS AND CONCLUSIONS
3.1 TYPICAL RESULTS
The following presents numerical examples and typical results based on
the models developed. The data used for these calculations (given in
Table I) are the average values for a selected number of utilities inter
viewed. The underground distribution circuits considered are typical
of those serving a residential load in a new development. Unless other
wise indicated a zero inflation rate is assumed throughout.

Figure 1 represents traditional cable sizing decision based on currentcarrying capacity. Final currents in a given UD circuit are plotted as

Figure 2 represents the economic cable sizes for the same set of cir
cumstances. Results are based on option 1, i.e., a large enough cable
is installed initially so that it will carry the load throughout the useful
life of the installation. The curves shown are the locus of the break
even points where there is no cost differential between two different
size cables. If a point falls to the left of a given curve, the smaller size
cable is most economical, and on the right-hand side of the curve, the
larger size cable should be used.
Now, if a given utility stocks # 2, 1/0, 4/0, 500, and 750 kcmil size
cables for its Primary UD use, a comparsion of Figures 1 and 2 indi
cates that the economic size of the cable chosen for a UD circuit is
drastically different than that based on its ampacity. For example,
whereas a 4/0 cable is indicated (at a growth rate of 4%) up to 87
amperes of initial load in Figure 1, Figure 2 would specify a 750 kcmil
size cable for these conditions. If such a large size cable is not used for
this circuit substantial economic penalty would result.
In the above examples a constant load growth rate was assumed to per
sist throughout the life of the installation. In a UD circuit serving a
new residential development, however, it is more likely that the loads
will grow for a certain number of years and then level off. Therefore,
a step function growth rate (single step) is next considered.

If t

7 years

G(t)

- g0

If t >

7 years

G(t)

- 0

where the seven year time interval is arbitrarily selected. Results are
presented in Figure 3 (traditional sizing) and 4 (economic sizing in
accordance to option 1). Here again, the economic cable sizes are
drastically different than those based on cable ampacities.

during the 35 year assumed life of the system.

In practice, the allowable current in a given UD circuit is often limited
by the ratings of the load break elbows (200 amps and 600 amps).
Some utilities, therefore, have selected 1/0 size underground primary
cable as standard for all circuits with a 200 amps load break elbow.
Using an initial growth rate of 6 percent, Figure 3 indicates an initial
cut-off current of approximately 131 amps. Above this value the final
current in the circuit would be above 200 amps within the first 7 years
of energizing the circuit and a load reduction or additional circuits
would be required. For economic operation, however, the cut-off
initial current is only 47 amperes, i.e. using the I/O cable in circuits
with larger initial currents would result in economic penalty; larger
size cables should be used, (Fig. 4).

Examples presented (and others) lead to the following general obser
vations:
Economic cable sizes are generally larger than that dictated by
cable ampacities.
Higher demand charges and/or energy costs lead to larger cable
sizes.
Higher initial costs (e.g., unusually high plowing or trenching
costs, etc.) lead to smaller cable sizes.
Large inflation rates lead to larger cable sizes.
The specific cable size to be used in given utility company’s under
ground distribution circuits will depend on file applicable economic
data, the choice of the distribution option, as well as the number of
cable sizes that the particular utility ordinarily stocks. The tool pro
vided by the models developed is designed to apply within the limits
specified by a given utility company.

Most utilities, however, shy away from stocking many different sizes of
cables. Considerations of a manageable inventory and a desire for
standardization places strict limits on the number of cable sizes that
one can practically stock. Some utilities standardize on only one or
two cable sizes. In those instances, frequent addition of UD circuitsand new substations-- become necessary (as seen by the above ex
ample). Options 2 througli 6, discussed in the main text, and others to
be added, are designed to establish the economic scenario for these
changes.

3.3 FUTURE WORK
The analysis presented only covers single phase cables. This analysis
should be expanded to include three-phase circuits. In connection with
three-phase circuits, care must be exercised to account for the changes
in the apparent resistance of the system due to the inductive
currents*^’’ ). This introduces an extra variable Re (resistance) in the
mathematical model. Strictly speaking Re = Re„ + Re(I); the resistance
is a function of the current in the circuit.
It follows that
Re = Re0 + Re(I0etGW ), i. e., the conductor resistance can be ex
pressed in terms of “time”, the universal variable. Therefore, at least
in principle an investigation involving a variable cable resistance can
be carried out.

Figures 5, 6, and 7, for example, demonstrate the results based on
Option 5. Figure 5 presents the results if constant load growth rate
is assumed. The cable sizes so chosen are the initial size cables. These
cables would then be paralleled with other cables at their replacement
times. These replacement times and the cables to be paralleled at
such times are not presented (for brevity) but are calculated by the
model at each initial load and load growth rate. Figure 6 presents
similar data for the case where a step function load growth rate is
assumed. The applicable growth rates are the same as those defined for
Figure 3. In Figure 7, on the other hand, load growth rates are con
stant but an annual inflation rate of 10% is assumed.

Another area of interest which warrants investigation is the effect of a
voltage level change on the system economics. Distribution voltage
changes become necessary for a variety of reasons. One such motive
for a line voltage increase may be excessive loads in the distribution
system. It is felt that if the line voltage increased, proportionately re
ducing the current (for the same transmitted power), the unsafe op
erating conditions can be corrected. Additional investment in trans
formers and switchgear will obviously be involved, but no major reconductoring is necessary. Though such arguments are usually put forth in
conjunction with bare conductors in overhead distribution applications,
an economic analysis of the effect of the UD circuit voltage level upon
the system costs should be carried out. It should be noted that initial
costs here will include major contributions from the cost of trans
formers and of the switchgear.

Though some differences do exist (e. g., use of cable size 500 kcmil
is completely ruled out in Figure 7), the results shown in Figures 5,6,
and 7 are by and large similar. This similarity in the break-even curves
within one option is not surprising since such curves only depict the
initial size conductors.
Significant differences in the applicable
replacement loads (and/or times) may exist. A plot of the total present
worth of the installation (at a single growth rate of 8 percent) shown in
Figure 8 clearly demonstrates the differences. Curve B shows the total
present worth of a primary UD cable installation to serve a load of I0
initial value and 8 percent annual growth rate. Curve C is a similar
plot but pertains to the case where the growth rate is 8 percent for tile
initial 7 years but drops to zero at that time. Though similar initial
size cables may be used (Figures 5 and 6) the cost differential shown
demonstrates the dissimilarity and is largely due to reduced power
losses. Furthermore, Curve A in Figure 8 represents the total costs if
traditional cable sizes were used. The large dollar savings (especially
at higher initial loads) demonstrate the utility of the models presented
here.
3.2

Additionally, the analysis could easily be expanded to include over
head distribution lines. Different cost items will be involved, and
other options may have to be considered, but the genera! technique
developed could easily be expanded to select economic overhead dis
tribution conductors.

CONCLUSIONS
Finally, one may wish to examine the cost comparison between dif
ferent metals, or different purity alloys o f the same metal, as the elec
trical conductor. The variables involved will be the initial cost of the
UD cable, and the cable resistance. A cost comparison should be
carried out to identify whether or not use of a super purity alloy, or
a more conductive metal as the electrical conductor is economically

Results presented in the above examples clearly demonstrate that the
economic UD cable sizes are drastically different than those arrived at
based on their current-carrying capacities. This conclusion is applicable
regardless o f the distribution system option considered, or the dif
ferent load growth rates, inflationary patterns or cost parameters
included in each option. A comparison o f Curves A and B o f Figure 8,
for example, is indicative of the magnitude of the savings which may be
realized. Furthermore, since these dollar savings are mostly due to the
reduced cost o f the power losses, it can be effectively argued that
economic cable sizes (so chosen) lead to energy conservation. The
energy conserved in the above example (for initial UD circuit load of
50 amperes) may be estimated to be approximately 10G KWH/year

justified.
It is hoped that this study, once completed, will result in a compre
hensive computer program, enabling a utility company to make cable
sizing decisions using data particular to such utility companies. Ave
rage data, gathered through utility surveys can be used to arrive at gen
eral guide lines which will also be made available for quick reference.
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